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OCEANOGRAPHY

UDC 551.465.41
STRUCTURE OF THE MIXED LAYER IN A STRATIFIED FLUID

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 16, No 3, 1980 pp 284-293

[Article by V. A. Popov and Yu. D. Chashechkin, All-Union Scientific Re-
search Institute of Physical-Technical and Radio Engineering Measurements,
submitted for publication 22 February 1979, resubmitted after revisions

4 May 1979]

Abstract: Optical and contact methods were used

for investigating the structure of the mixed lay-

- er in a stably stratified fluid arising under the
influence of a constant velocity shear at the
free surface. In the case of small shearing
stresses, when the global Richardson number Rig >

- 0.3, a two-layer circulation current is formed
with a sloping interface between the layers
whose total thickness remains virtually con-

- stant with time. Ian tue case of great velocity
shearing stresses, when Rip< 0.1, the thickness

of the turbulent mixed layer increases with time
as t0-25_

[Text] Interest in investigation of the dynamics of formation of mixed lay-
ers in a stratified fluid under the influence of turbulence excited by ex-
ternal sources is caused for the most part by the study of the mechanisms
of formation of the upper mixed layer, the seasonal thermocline and the
thin stratified structure of the ocean [1]. In addition to the extremely
complex and time-consuming field investigations, extensive use has been
made of laboratcry modeling methods, making it possible to carry out ex-
periments under controllable and reproducible conditions.

A turbulent disturbance, mixing the fluid in one of the layers, under lab-
oratory conditions is created by an oscillating grid [2], constant shear-
ing stress at the surface of the fluid [3], ejection and sampling of the
fluid from the layer [4]. In a fluid with a vertical density gradient
(f£= fDO(z),/4.= (d 1n /O/dz)‘1 is the density scale, N(z) = (gJ‘-"l)]'/2
is the frequency of free internal oscillations) there is formation

= 1
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of a turbulent mixed layer with a sharp density gradient at the discontin-
uity advancing within the undisturbed fluid. In most studies the authors
have determined the rate of entrainment of the undisturbed fluid, the de-
pendence of the thickness of the mixed layer of fluid (h) on time. The
decisive parameters in the problem of deepening of the mixed layer are

the global Richardson number Rig = thZ/Uoz, the Prandtl number Pr = V’/7L
(or the Schmidt number, if the stratification is saline Sc = V/kg), the
Reynolds number Re = Uph/¥ or the Péclet number Ugh/X (here Uy is char-
acteristic velocity, h is the scale in which velocity changes, v is vis-

cosity, ﬂ.is thermal conductivity, kg is the coefficient of salt dif-
fusion).

The greatest number of experiments involving deepening of the mixed layer
were carried out using an oscillating grid fabricated from square [5, 6] or
circular [7] rods and perforated plates [8]. The depth h of the mixed lay-
er, advancing within a fluid with a constant density gradient, increases
with time as h = c(é'ji:3t/l\'2)n (here ¢% is the frequency of grid oscilla-~
tion, ¢ is a constant). The exponent n is dependent on the type of the
turbulence-generating grid and the type of stratification. For example,

_ in [8] with the destruction of temperature stratification it was found
that n = 0.4 [8], whereas in [6] with the destruction of saline stratif-
ication -- n = 0.14 [6]. The forming internal waves can carry a consider-
able fraction of the imparted mechanical energy; in this case the rate of
entrainment decreases substantially [6]. The rate of deepening of the mix-

- ed layer Ug = dh/dt, normalized to some characteristic velocity Uy, _is a
power function of the global Richardson number Rig = NZ/JLZ/UZ; Ug/U =
Ri“® (here { is the characteristic scale of turbulence; U ig the mean
square value of the horizontal component of turbulent velocity); m = 1 for
temperature stratification, m = 1.5 for saline stratification [2]; accord-
ing to data in [6] m varies from 1.5 to 0.7 with an increase in distance
from the grid. The boundary of the layer becomes sharper with an increase
in the Péclet number. T e

Fig. 1. Diagram of laboratory apparatus.

With propagaticn of the turbulent layer created by shearing stress at the
upper boundary of the circular basi? the rate of entrainment, normalized
to the friction rate Uy = (15*4/))1 2 (Ty is frictional stress), is

2 .
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inversely proportional to the Richardson number, Ug/U, = 2.5 Rix~! with

30<Rix< 300, and the thickness h of the mixed layer increases with tiue,
h = U.,.(lSt:/No?-)l“"’tl/3 [3]. The mean velocity of movement of the fluid
changes most rapidly at the surface of the fluid and near the interface.

The dependence of the rate of entrainment on the global Richardson number
Ue/U+AJRiO‘1 is maintained in a case when a velocity shear is created by
injection and removal of fluid in the circular channel [4], and also when
the source of energy and shearing is an air flow over a basin with a strat-
ified fluid [9]. With deepening of the turbulent layer in a two-layer fluid
HAp = HOAPO the interface becomes sloping, the angle of slope S de-
creases inversely proportionally to the Richardson number § = 5.4-107
Ri~l = 5.4-107% (f’0U+2/g[¥?H). Here H 1s the thickness of the upper

- layer,APis the difference in densities [10]. Since in the studies which

. have been made for the most part there was a study of the mean character-

istics of the mixed layer, it is of interest to study its spatial struc-
ture, especially in the range of values of the global Richardson number
close to unity, when turbulence is created by the shearing stress at the
upper boundary and in the fluid both a mean flow and turbulence are ob~
served.

1. Experimental method. A diagram of the experimental apparatus is given
as Fig. 1. Before the omnset of the experiments a laboratory basin 1 with
the length {4 = 40, with the width ly = 15 and the height §, = 30 cm
was filled with a fluid with a constant density gradient (a water solu-
tion of NaCl with a variable concentration). The side walls of the basin
were fabricated of optical glass, which makes it possible to study the
pattern of flow by means of shadow methods. A shearing stress is created
in the fluid by movement of a reinforced rubber belt 3 along the free
surface; this is driven into motion by a synchronous motor 2 of the RD-9
type. The area of contact between the belt and the fluid is 30 x 10 cm.

In order to make the flow visual we used an IAB-451 shadow instrument with
a flat slit in the illumination part and a flat blade in the receiving
part. The shadow image was registered by the method of a frame-by-frame
survey with an RFK-5 camera. Fluctuations of electric conductivity were
measured by the pulsed sounding method; the diameter of the central elec-
trode of the single-electrode contact converter is d = 0.5 mm {11]. The
movement mechanism 4, mounted over the basin, made it possible to carry
out measurements at any point in the basin 5. The scale of density change
and the period of internal oscillations Ty = 237/N were determined from
measurement of the frequency of oscillations of the internal waves aris-
ing during sinking of the wake behind a floating-up gas bubble [12] and
were A = 670; 1,300 cm; Tg = 5.2; 7.2 sec respectively. The rates of
movement of the belt varied in the range from 1.2 to 17.7 cm/sec.

2. Turbulent mixed layer. Figure 2 shows a series of shadow kinograms of
the pattern of flow forming during movement of the belt at a high speed
(Ug = 17.7 cm/sec, A = 670 cm). The blade and slit of the shadow instrument

3
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were oriented vertically; the changes in blackening density are caused
by fluctuations of the horizontal component of the refraction coefficient.

Fig. 2. Shadow picture of flow. Up = 17.7 cm/sec, A= 670 em, T = 5.2 sec:
a) t = 6 sec, b) t = 20 sec, ¢) t = 40 min

With activation of the mechanism for movement of the belt (the time con-
stant for the entire mechanical system is ty = 0.2 sec, movement from left
to right) in a thin layer near the surface of the fluid there is formation
of a shear flow with a significant vertical gradient of the horizontal com-
ponent of current velocity 2Uy/dz. As a result of the hydrodynamic instab-
ility of the flow, along the suriace of the belt there is formation of a
system of eddy "ridges" whose number and size increase rapidly (Fig. 2,a,

t = 6 sec). These eddy formations after 20 sec merge and form a turbulent
boundary layer. Due to the surge the lighter, partially mixed fluid is ac-
cumulated in the right part of the basin and the lower surface of the mix-
ed layer becomes sloping (Fig. 2,b, t = 20 sec). In addition to turbulence,
a mean flow exists in the layer ~- the fluid entrained by the belt moves
from left to right, turns downward at the right wall of the basin and flows
from right to left near the sloping lower boundary. The lower boundary of
the turbulent layer is relatively smooth. The maximum dimension of the in-
homogeneities is d = 0.2-0.6 cm, which is appreciably less than the mean

4
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thickness of the layer (the thickness of the layer in the middle of the
basin) h = 3.0 cm and its minimum thickness h = 1.7 cm.

The formation of the turbulent layer is accompanied by the excitation of
the internal waves. The boundaries of the dark and light bands in the
lower part of the photograph pass along the crests and troughs of the
waves. The length of the most clearly expressed waves is A = 8.5-12 cm.
The frequency «J and the angle of slope of the wave crests to the horizon
% decrease with propagation of the waves within the basin and accordingly
there is an increase in the angle of slope of the wave crests ﬂ to the
vertical, J =J1/2 - . For example, with z = 8 cm, «f= 0,90 sec”l, we
have 3 = 41°, #= 49°, but with z = 14 cm, «= 0.25 sec~l, we have ~J =
78°, Y = 12° (Fig. 2,b). Short waves are excited which satisfy the dis-
persion expression <&/ = N cos 3 . The group velocity and the energy flux
in these waves are directed along the wave troughs and crests respectively
from the mixed layer within the undisturbed fluid.

With the broadening of the turbulent layer there is a decrease in the

_ angle of slope of the boundary of the zone of turbulent movement toward
the horizon; tg S = 0.058 Rio‘0-4. Turbulent mixing evens out the density
within the mixing layer and on its lower boundary there is formation of
a density jump layer with a hi_* value of the density gradient a}¥¢3z,

_ which leads to the appearance of a black horizontal band at the lower
boundary of the layer (Fig. 2,c, t = 40 min).

Data from photometric measurements of the shadow kinograms using an IFO-
451 microphotometer show that the maximum of the density gradient is on

the upper part of the jump layer; its lower part is mcre diffuse. In the
stage of turbulent entrainment with t/Tg =1.>50 the ratio of the thickness
of the jump layer hp to the thickness of the homogeneous layer D remains
constant, hg/D = 0.33.

Within the mixed layer during the entire time of operation of the belt

there is circulatory turbulent flow. The maximum velocity Uyx and shear

A Uy/D z (Fig. 2,c) are observed in the upper part of the layer under the

surface of the belt where the optical inhomogeneities (schlieren) are
_ drawn out in a horizontal direction. In the central part of the layer, in
a zone of weak convective flow, the schlieren are oriented vertically. A
turbulent counterflow is formed in the lower part; the schlieren are or-
iented in a horizontal direction and form edCy structures. The appearance
of schlieren is attributable to the fact that the particles of the inflow-
ing fluid slowly lose their initial salinity and are drawn out into thin
jets in the direction of the mean flow. The zone of turbulent mixing touches
the density jump layer in the right part of the basin, where the descending
surge current turns, and departs from it in the left part, where the cur-
rent turns upward. The formation of internal waves in this stage is asso-
ciated with the passage of large eddies near the jump layer (Fig. 2,c,
t = 40 min, A= 5.6-7.3 cm, «f = 0.84 sec-l, \J = 46°).

5
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Figure 3 siiows the dependence of the mean thickness of the mixed layer,

normalized to the scale of density change, hx = h//\. on dimensionless

time <L . On curves 1, 2 it is possible to discriminate three character-

istic segments -- the initlal stage of formation of turbulence, T<10,

when hx~{; the stage of formation of the circulation current, 10<C<50,
) when the thickness of the layer virtually does not change; the stage of
- turbulent entrainment,t>50, hy = AT '25, Ay - 4.1073 cm, Uy = 17.7 cm/
) sec; Ay = 3.10"3 cm, Uy = 12.0 cm/sec, which is continued until the tur-
bulent layer fills the entire basin. With the closing of the circulation
current the lighter fluid from the near-surface layer is below the heav-
ier fluid from the lower-lying layers; within the layer there is intensive
mixing on which is expended a considerable fraction of the mechanical en-
ergy imparted to the fluid by the belt. The extent of the mixing layer is
stabilized and in the course of 2 or 3 minutes its boundary does not ad-
vance within the undisturbed fluid. After the demnsity distribution evens
out within the mixing layer the undisturbed fluid again begins to be en-
trained into movement and the thickness of the turbulent layer increases.
The rate of entrainment U, = dh/dt 1s not a simple power function of the
Richardson number, but in the stage of turbulent entrainment, with C>120,
since h = A1:0'25, with allowance for determination of Riy we have Ug =
A4N4/831U03Ri3/2. The global Richardson number Rig = Nzhz(t)/Uo2 is deter-
mined from the undisturbed frequency of oscillations N, the rate of move-
ment of the belt Uy and the mean thickness of the layer h(t). The nature
of the dependence UenfRiO coincides with that observed in experiments
with deepening of the turbulent layer created by an oscillating grid in -
a fluid with a saline stratification [2]. The absolute rates of entrain-
ment are small: Uy = (1-5)+10"3 cm/sec.
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Fig. 3. Dependence of thickness of the mixed layer hx = h/A on time t:
1-3) A= 670 cm, T = 5.2 sec, ug = 17.7, 12, 2.0 cm/sec, 4) A = 1300, T
=7.2 sec, ug = 2.4 cmfsec, 3', 4' - hx = H/A.
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Some of the energy of the turbulent layer is expended on the excitation
of irregular internal waves in the lower part of the basin, in the zone
of a constant density gradient. For the most part it is short internal
waves which are excited; their characteristic length is 2-12 cm, angular
frequency &= 0.08-0.9 sec™l, period T = 78-7 sec. The wave crests are
slanted at an angle = 87-42° to the vertical (according to data from
shadow photographs). The principal wave source is zormes of turning of
the circulation current along the lateral walls of the basin (see Fig. 2,
b) and eddy formations moving along the boundary of a zone with a high
density gradient in the lower part of thw: layer. With deepening of the
mixed layer the second source becomes the most important, the length of
the excited waves decreases and the frequency increases (see Fig. 2,c).
Measurements of particle tracks indicated that the horizontal displace-
ments of particles (2-3 cm) are 10-15 times greater than the vertical
displacements and decrease with increasing distance from the mixed layer.

Measurements of particle displacements at the center of the basin at a
depth of 25 cm, carried out using a conductivity sensor, indicated that
wave disturbances have an irregular character, are observed a< high-
frequency waves T~Tg with a low amplitude (A = 0.05-0.1 mm) and as more
clearly expressed low-frequency oscillations T = 20-50 sec, A = 0.5-2 mm.

Laminar mixed layer. Figure 4 shows a shadow picture of a current forming
when there are low rates of belt movement (UO = 2.4 cm/sec,,4.= 670 ,.cm,
movement from left to right). The vertical lines in Fig. 4 are density
marks formed by the wake behind a floating-up gas bubble. The vertical
distribution of the horizontal component of the fluid current was deter-
mined by measurement of displacement of the center of the mark during a
known time interval,

At the begimning of movement a laminar boundary layer is formed near the
belt surface. Near the right wall, where the lighter fluid is accumulated
as a result of the surge, a countercurrent begins tu form and after t =
40-60 sec a closed eddy circulation layer with a sloping lower boundary

is formed near the belt. Within the layer, together with the circulation
current there is a convective current (Fig. 4,a) gradually evening-out

the density. Zones of turning of the current and individual eddies are a
source of formation of short: internal waves with the parameters A= 3-8 cm,
9 = 50-60°, W= 0.8 .56 sec™l, Gradually a density jump layer begins to
form on the sloping lower boundary; this leads to the formation of a nar-
row dark band (Fig. 4,a). An undisturbed more saline fluid from the lower-—
lying layers flcws into the mixed layer in the form of individual thin
jets (schlieren) with a diameter of 1-2 mm, which are drawn out in the
direction of the mean flow. In this stage there is a degeneration of the
closed eddy currents within and at the boundary of the layer; the perturb-
ations of the interface have a smooth, wavelike character and there is a
decrease in the length of the forming internal waves: A= 2-5 cm, J = 40-
50°, &= 0.7-0.8 sec™l,

7
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After closing of the current, evening-out of density in the near-surface
layer and formation of the sloping lower boundary with a great density
layer, under the upper circulation layer a second eddy layer begins to
form in which the rotation of the fluid occurs in the same direction
(clockwise) as in the near~surface layer. As a result of the partial mix-
ing of the fluid a density jump layer is also formed at itc lower bcundary
and this has a rigorously horizontal orientation (Fig. 4,b). The displace-
ments of the density mark show that in zones of maximum density change

the velocity shear value Ux is maximum. The flow velocity of the fluid
does not become equal to zero at the lower boundary of the second layer.

The detailed structure of the layers is shown in Fig. 4,b,c. Here the
blade and slit have a horizontal orientation and the changes in blacken-
ing density on the photograph are caused by the difference Jn/ dz (and
aﬁ/a z respectively) from the initial values (in Fig. 4,b the belt move-
ment is from left to right, 4, ¢ -~ from right to left). In order to in-
vestigate the pattern of flow near the wall, in the basin in the field of
view of the shadow instrument a vertical plate has also been introduced;
it does not quite reach to the belt. The structure of the density jump
layers is ronuniform along the basin. In the surge zone the Jn/ Jz and
3P/ 9 z values in the upper layer are m.ximum; the position of the boun-
dary (layer of 2)0/& z maximum) gradually changes. The boundary of the
layer fluctuates and individual eddies are formed there (Kelvin-Helm-
holtz instability); these attenuate rather rapidly with movement along
the jump layer. The characteristic scale of the inhomogeneities is h =

1 cm; the amplitude of the pulsations is A = 0.2-0.5 cm. With approach
to the opposite wall of the basin in the outflow zone Jn/dz and dp/J z
decrease, and near the wall the boundary becomes diffuse so that individ-
ual small jets of fluid can flow from layer to layer. On the other hand,
the density gradient at the lower boundary of the second layer has a
minimum value near the surge zone; the width of the density jump layer
here is also minimuam. In this region there is a minimum difference in
densities Apoutside and within the layer and here the fluid can flow
into the lower layer. Near the gone 'of underflow into the upper layer
the density gradient at the boundary of the lower layer becomes maximum.

The dependence of the thickness of the upper layer hi = h//A and the total
thickness of both laminar layers H on time is shown in Fig. 3 (curves 3
-- Up = 2.0 cm/sec, A = 670 cm; curves 4 —- Ug = 2.4 cm/sec, A= 1300 cm).
With closing of the circulation current the rate of entrainment inte the
first layer is maximum and is Ug = (5-—6)-10‘2 cm/sec, t =1 min. After
formation of the second layer the current pattern is stabilized and the
thickness of the circulation layers does not change. Over a period of

2-4 hours the rate of entrainment does not exceed (10-%4-105) cm/sec.

The change in the thickness of the layers is related to the processes

of formation of the structure of the density gradient layer at the lower
boundary of the current zone (the thickness of the layer was determined
from the position of the middle of the layer with the maximum density
gradient). The formation of the second circulation current under

8
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the sloping boundary of the upper layer, rotation in which occurs in the
_ same direction as in the upper layer, can be attributed to the effect of
the following mechanism (Fig. 5).

b
C
[ Fig. 4. Shadow picture of current Ug = 2.1 cm/s'ec,A. =670 cm, I = 5.2
sec: a) t = 1.5 min, blade and slit vertical; b,c) t = 20 min, blade and

- slit horizontal, movements in different directions.
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Fig. 5. Diagram of formation of second layer.
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Assume that the initial distribution of the fluid in an undisturbed state
has the form P(z) = /00(1 +A‘1z), the z-axis is directed downward. Then
in the approximation of a constancy of the width and the slope of the
lower boundary of the near-surface layer the mean density of the fluid
within it Pl has the form (assuming that demsity does not change along

y) . n= -
‘\—l 1 Hﬁl_H‘J —
=+ [ (T Y gy,
"”{ H*[3(211,+H.) H‘]} Wy
poA~' [ HA—H?
=po(H. +——(_____ ,
T 2H,+H,)

where Hy = !,x tg S, S is the slope of the lower boundary; )O(Hl) is the
density of fluid in an undisturbed state at the depth Hj; H; + Hp is the
maximum width of the near-surface layer. Since in the upper layer, even
in a laminar flow regime, there is strong mixing, it can be assumed that
P (z) = P everywhere within it. From the condition of stability of the
fluid at the discontinuity:

0o (H1) =p.. - (2) -

It follows from (1) and (2) that

(Hy'—H?)/(2H +Hy) <0, 3)
F p=p(H.)-B, :
where -t s
B= PoAn (H13 Hz’)>0' -
3H2 2H‘+Hz (4 )

The difference in hydrostatic pressures at the depth H at two points x1
= 0, x2 = X, situated at the same depth, AP = P(x) - P(0) has the form:

AP(x) = 0 when HH,

—gxtg S(B+/s0A'ztg S) | "heN HtztgS<H<HtH,
AP(z)= { { =
~g(H—H,) [B+'poA- (H—H,)] when H<ztgS+H.<H:H,

AP(z)=—gztg S(B+'/,p,A 'z tg S) A>H +H,.
when .

With z>H; at any horizon JP/J x<0, and since under the sloping boundary
the isopycnic surfaces are oriented horizontally, from the Bjerknes theory
it follows that under the sloping boundary there should be formation of a
circulation current whose direction of rotation is determined by the di-
rection of the arrow from the pressure gradient to the gradient of spe-
cific volume [13] (Fig. 5). Partial mixing within the second layer leads
to the formation of a second horizontal jump layer so that the thickness-
es of the upper and lower layers are approximately equal. But the current
velocity at the lower boundary of the jump layer is different from zero.
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Table 1
Pt | Tonmana | .
A, c3 T, Ua, ePXRero =-0=-‘ =
- cM c 1 o cm/c2 na;«e;:::tig ﬁ':‘%’;"l; Ush/v | =Ny, | Pewnn ';a‘uulm
M MBH
' 670 5,2 17,7 0,1 1,2 2120 0,01 Opfocnoiand 6
870 5,2 12,0 0,1 0,5 600 0,01
670 52 15 1 20 | 1500 04 Iepexonmuit- 7/
1300 7,2 5,0 1 18 900 0, .
i 1300 7.2 2,4 1 14 340 03 Hsyxcrofmui 8
670 5,2 2 i 1,9 380 1,3
670 5,2 18 1 2,0 360 1,8
KEY:
1. T, sec
2. Ug, cm/sec
3. Time from beginning of motion of belt, minutes
4. Thickness of upper layer h, cm
5. Current regime
6. Single layer
7. Transitional
8. Two-layer

The density marks method makes it possible to determine the distribution
_ of the horizontal components of current velocity along the vertical z for
different values of the longitudinal coordinate x. Figure 6 shows the de-
pendence of the relative current velocity Uyx/Up on the dimensionless coor-
dinate M= (z/%0-25) (glkfl/Uo\/)o-Z5 for different x values. The solid
curve represents the computed distribution of current velocity behind the
leading edge of a semi-infinite plate slowly moving in a viscous stratif-
ied fluid [14]. The results of the computations satisfactorily coincide
with experimental data if as the argument of the function Uy/Up = f(kr)
we select k = 1.8. The contribution of the wave component to the distrib-
ution of velocities does not exceed 5-10%. In the two-layer regime, for

the most part, there is excitation of short waves with a low amplitude
A<0.5 mm.

- 4. Current regimes. With an increase in the velocity of movement of the

_ belt there is an increase in the intensity of mixing in the lower layer
and the boundary between the layers, according to data from shadow ob-
servations, becomes difficult to distinguish. However, since the movement
in the layers 1s not turbulent, this regime can be called transient.

The results of this series of experiments for investigation of the cur-
rent regimes are cited in the table.

The table shows that when Rig< 0.1 the moving belt creates a turbulent lay-
er; when 0.1<Rip<0.3 there is a transient regime; whea Rip> 0.3 there
is formation of a regular true two-layer circulation current.
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These experiments show that the spatial structure of the currents excited
in the stratified fluid by the velocity shear at the free surface changes
essentially with an increase in velocity.

In the case of small shearing stresses, when Rip>0.3, there is formation
of a stationary two-layer circulation current with an identical direction
of rotation of the fluid and a sloping interface between the layers. The
density gradient value is maximum at the interfaces. The lower boundary
of the current is horizontal; the rate of entrainment is virtually equal
to zero.

In the case of great shearing stresses Rip<0.l there is formation of a
turbulent mixed layer whose thickness is not a monotonic function of
dimensionless time €. In the initial stage h~T, which coincides with
the dependence of layer thickness on time in a model of formationm of tur-
bulence by the mean flow with a velocity shear [15]. Then in the course
of some time the thickness of the layer virtually does not change, but in
the main stage with T >50 increases proportiomally to ¢ 0-25, which is
close to the computed regime of deepening of the layer due to the diffu-
sion of turbulence h~t1/3 [16]. Accordingly, the rate of entrainment Ue
= dh/dt decreases with an increase in time, with €> 50 Ue—-RiO—3/2. The
main density change occurs on the horizontal lower boundary of the layer.
The process of entrainment of the fluid occurs due to interaction between
the turbulent eddies and the interface. Within the undisturbed fluid there
is radiation of short intermal waves whose length is determined by the
dimension of the generating eddies.
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- UDC 551.466.326
RESTORATION OF SEA WAVE SPECTRA FROM MEASUREMENTS WITH MOVING SENSORS

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIRA ATMOSFERY I OKEANA in Russian
Vol 16, No 3, 1980 pp 294-304

[Article by A. V. Kats and I. S. Spevak, Khar'kov State Scientific Re-
search Institute of Metrology, submitted for publication 30 September

1978]

Abstract: A study was made of the correlation of
frequency-angular wave spectra in uniformly mov-
ing and fixed reference systems. The authors dis-
cuss the conditions for an unambiguous restoration
of a spectrum undistorted by movement. The results
allow generalization for an arbitrary wave field.
Limiting cases of a narrow angular wave spectrum
and a low rate of movement of the sensors are ex-

- amined. A scheme of restoration of the true spectrum
is proposed for these cases on the basis of measure-
ments of the rise along several trajectories.

[Text] 1. Introduction. In measurements of sea waves with a moving sensor
the measured parameter, such as the surface rise Z (x,t), contains infor-
mation both on the wave field itself and on movement of the semsor. Ac-
cordingly, the question arises as to the possibility of using data from
such measurements for discriminating the statistical characteristics

of sea waves undistorted by motion of the sensor.

One of the most important characteristics of the random field of rises is
the spatial-temporal correlation function

Tz, =G (x, DL, TH)), 1.1)
where x, r are two-dimensional vectors in the plane (x,y); the "{O" sym-
bol denotes statistical averaging (the waves are assumed to be statistic-

ally uniform and stationary). If the sensor measuring the rise [ (x, t)
moves along the trajectory X = R(t), then the correlation function

¥ 15

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000300010007-0

FOR OFFICIAL USE ONLY

Za(r, t)=<3(x+R(7), T)L(x+R(x+8)+r, 1+2)> a.2)
is related to (1.1) by the expression
Zx(r, t)=Z (r+R(z+t)-R(1), 1), ' (1.3)

if the R(t) trajectory is determined. (It goes without saying that under
real conditions the trajectory is subject to random perturbations which
in general correlate with the waves, but (1.3) will be a good approxim-
ation in the case of small perturbations.) Using (1.3), in principle it
is possible to establish a correlation between the spectra

X(k, 0)=(21)~* [ dr dt exp(iot—ike) Z (s, 2 (1.4)

and Xg(k, «f) for an arbitrary law of motion R(t). In the case of uniform
linear motion R(t) = U(t) the problem of restoration of the frequency
spectrum of waves was examined in [1] for uniform waves (we note, however,
that in the result cited in [1] a factor was omitted (see (2.23)). In

the case cf uniform motion of a sensor with a velocity substantially ex-~
ceeding the wave velocity the problem was examined in [2] for one-dimen-
sional waves.

In this study we also examine the case of a uniform linear motion of the
sensor, but in contrast to [1,2], for an arbitrary (two-dimensional) wave
spectrum and without restrictions on the velocity U. It is shown that in
a general case, when there are both accompanying and counter waves, a pre-
cise restoration of the frequency-angular spectrum is impossible due to
the appearance of an ambliguity in the Doppler frequency conversion (sec.
2). In the absence of accompanying wave components the spectrum is re-
stored unambiguously (sec. 2). Limiting cases of small sensor velocities
were considered (sec. 3), as well as a narrow angular spectrum of waves
(sec. 4) when the general formulas are substantially simplified. In these
limiting cases there 1s a discussion of restoration of the spectrum in
measurements of the rise at several points [3].

2. Correlation of Frequency-Angular Wave Spectra

In the case of uniform motion the spatial-frequency spectrum XR(k,u)) =
Xy(k,<«J) is derived from X(k,«) (1.4) by the Doppler frequency conver-
sion c«fraf+kU:

Xu(k, ©)=X(k, 0tkU). 2.1)
Since the field of rises is a wave field with the dispersion law [4]

0=0,=Vgk, 0-;=ax, | (2.2)

the spectral density X(k,c¢S) is different from zero only on the dispersion
surface (2.2) [5], that is
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X 0)= 3 X(pk)5(0—pon).

[T E3)

(2.3)

[Although, strictly speaking, the dispersion equation (2.2) is correct only
for waves of an infinitely small amplitude, it is a good approximation also
for waves of finite amplitude if the nonlinear!ty is small [5].]

By virtue of the realness of the field & (x, t) and the postulated uniform-
ity and statiomarity X(k,&) has the properties of symmetry

 X(-k, —0)=X(k, @)=X(-k, ~u), (2.4)
:ihiﬁh is automatically taken into account in the representation of (2.3)
t
X (k) =X (k). 2.5)
7 It follows from (2.1) and (2.2:).) that the spatial spectrum of waves
- ¥ ()= | doX(k, ©) =X (K)+X(-k) (2.6)

is undistorted with a changeover to a moving reference system. It goes
without saying that this is an obvious result of invariance of lengths
and angles whken using Galilean transformations. However, in the majority
of experiments it is not the spatial spectrum which is measured, but the
frequency spectrum ]

® ()= [ dkX (K, 0), (2.7
or the frequency-angular spectrum

E(0,0)= [dkkX(k, o) (2.8)

[3]; it is really possible to measure only the several first coefficients
Ch(«) of the expansion E(w, 8) into a Fourier series for the angle @:

E(0,08)= 2 C.(@) e-;'"°, Co(0) =0 (@)/2m. 2.9)

Thus, the @(w) frequency spectrum is the Fourier transform of the single-
point correlation function Z(0,t) (see (3.1)).

By virtue of symmetry properties of (2.5) the Q(w) and E(ef, @) functions
are real

0.(")):0(&))7 E‘((x), 9)=E(")1 e): (2.10)
and their negative-frequency parts contain the same information as the pos-

itive~-frequency parts
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0 (—a)=0(0), E(o,8)=E{-0,8+a). (2.11)

As follows from (2.3), (2.7), (2.8), the X(k) spectrum contains complete
information on waves. In particular,

ak « o
E(m,9)>=kd—mZ‘X_(pk)9(pm)I.‘__, | (2.12)

Accordingly, for restoration of the true frequency-atgular spectrum it is
necessary, using the known distorted spectrum Ey(ew, &)

Ev(e,0)= jdkau(k, ®) (2.8a)

. ° .
to flnc'] X(k), but E(d, ) is determined using (2.8). We note that (2.12)
establishes a mutually unambiguous correspondence between X(k) and E( &,

o) AR -
X(k)y=X(k, 0)=k"'v,E(w\, 8), . (2.13)

where vk = aafk/a k is the group velocity of the waves; (2.8a), with (2.1)
and (2.3) taken into account, in a general case cannot be solved for X\k)

- due to the nonmonotonic dependence of the Doppler-shifted frequency a!kU =
CJk =~ kU'on the wave number. The nonmonotonic situation (Fig. 1) arises
when kU>O0, that is, for "accompanying" waves whose phase velocity in a
fixed reference system forms an acute angle with the direction of sensor
movement. We will explicitly express Ey(e«f, 8 ) through E(w, 9):

Eu(m.e)=2 [ dkniE (on, 8+ (1-p)n/2) 8 (0 +kU=pay)  (2.14)

Pt 0 ‘

and we will.integrate (2.14), taking into account that the argument of
the -function becoqes equal to zero when thf.[g_gf.g(}_c{)____

c°(m)=£..,+01/£..—ﬂ’

20, 402 U,

. i

: kU .
0,p=t,, U,.=T, k=~FK(cos 0, 8ii 8). (2.15)

Limiting ourselves to positive frequencies, which does not lessen uni-
versality by reason of (2.11), we have

o) e g Y EGAOTA=p)n2) (2.16)
.EU(W' 9)"8("'UA) F-ZM I1+p§+p/29|
+
+e(9_“’)9w*)2%' - @>0,

where §2 = §2(8) = g/4|ty |, O(x) = O when x<0 with x<0, @) =1
when x> 0,
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Fig. 1. Doppler frequency shift of surface waves: a) accompanying movement
(kU>0). A wave with the frequency «/ in a moving system corresponds to

two waves in a fixed system with the frequencies «/' = éif, symmetric
relative to 2§2; the directions of wave propagation in both systems coin~
cide B= O'. With «J "> 4§2 the frequency <) is unambiguously determined
by the frequency <J' and the direction of propagation in the moving sys-
tem changes to the opposite &= e +J1, b) counter waves (kU<O0). The
transformation of frequencies is mutually unambiguous; the spectrum in the
moving reference system is displaced into the high-frequency region (>
wh),

Waves with a phase velocity greater than the projection of sensor velocity
onto the direction of wave propagation vph(k) = afk/k> Uk make a contribu-
tion to EU(N,G) when «J<§2and kU> 0. In this case Ey(«/, 8) 1is expressed
through E(', 8) with o' = £,Y< 482 (region II in Fig. 2, compare Fig.
1,a). For kU0 the contribution to EU(a/, @) is caused by two different
groups of waves: accompanying waves in a fixed reference system (region I
in Fig. 2) in the direction @' = & +71 with the frequency &' = £, (Fig.
1,a) and counter ,waves, propagating in the direction @' =@ with the fre-~
quency ' = § 4 (Fig. 1,b, region I1I, Fig. 2). Since with stipulated U
and 6 the Ey(a, &) spectrum is determined by the E(«/', ') spectrum at
. the two points &', @', an unambiguous restoration of the spectrum, general-
1y speaking, is impossible. However, in special cases, for example, when
accompanying waves are absent, the correlation of the spectra is unambig-
uous. We will examine examples.

A. Assume that the E(&/, 8) spectrum is different from zero only in the
right half-plane

E(o, 8)=E,(w, Bje(cose), (2.17)

19

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0

FOR OFFICIAL USE ONLY

and the velocity of the sensor forms with the x-axis the angle P &(J/2,
1) (Fig. 3,a). Then an unambiguous restoration is possible in the sector
1 (—37/2<6<9J—J7/2) (corresponding to region I in Fig. 2), where there
are counter waves: _
E. (0, 8)=(1+0/2Q) Ey (0+0¥49, 8),
(2.18)
0<o<», U,=U cos(p—8)<O0.

The EU(af, &) spectrum is displaced relative to E(«',8 ) into the high-
frequency region (Fig. 1,b) due to Doppler frequency conversion —- >
Wy =y - kUp> aJ; the possibility of restoration is governed by the
monotonic nature of the dependence of aij on k when we have kU = kUg >
0. For - 71/2<6<J1/2 (sector II) the deformed spectrum at small fre-
quencies /<2 (region II, Fig. 2) is determined by rapid accompanying
waves (vpp >Ug, 0<d'<4S2, Fig. l,ad: ..

Lol .

Eu(ﬁ),e)= E+(§o 19)

Tt s0r!
o~ 11-8,*/2Q|

w<9, 0<§-f<29,<.,§.f+<.49' U,>0.

(2.19)

mgfv?

e
9/

-
-~ -

'// W< / »

Fig. 2. Breakdown of wave field components in a moving reference system.
The oblique ruling (I) represents counter waves; the horizontal ruling
(II) represents rapid accompanying waves; the vertical ruling (III) rep-
resents slow accompanying waves, the direction of whose movement in a
moving reference system changes to the opposite.

For an observer in a coordinate system related to the sensor both wave
systems will move in the initial direction, but the group velocity of the
waves, corresponding to the greater of the roots (£ 41} of the dispersion
equation W= Wy - kUg, is less than the sensor velocity.

When «) =52 both roots of the dispersion equation coincide (Fig. 1,a) and
the denominator in (2.19) becomes equal to zero, that is, the Ey(, 6)
spectrum has a singularity when ¢J= J2; it occurs from waves with the fre-
quency W' = 28,. This resonance is caused by the coincidence of sensor
velocity with the group velocity of the waves vy = day/ 3k = Uk, that
is, a wave packet formed from waves with the frequencies <«'® 2J2 will be
fixed relative to the sensor. Oscillations of the rise in the sensor ref-
erence system occur with the frequency §2. This singularity in the spec-
trum is integrable
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{ doEo(0,0)= [ d0'E (@, 6) (2.20)

and is related to the fact that the energy falling in the small frequency
interval of the E(&', ) spectrum near &' = 22 gives a contribution to
Ey(«, @) in a far narrower spectral interval @< J2. In actuality, it
goes without saying, there will be no singularity in the Ey(at,8) spec-
trum, since really the waves have the attenuation Yk and the averaging
time T is finite. In this case zero denominators do not arise, but small
denominators, @Yy /{J or 1/Tf), in a frequency region with the width
Ader max( ), T-1); the spectral intensity increases approximately by a
iector of S¢/) or TS in comparison with the values in the nonresonance
region. We note that the appearance of resonance can be used for measuring
the spectrum in the case of accompanying movement, in any case, the pos-
sibility of formation of a maximum in Ey(e, 8) with & =82 in the pres-
ence of accompanying waves must be taken into account when processing
measurement data.

Fig. 3. Angular spectrum transformation. The simply shaded pattern is for
the region of angles in which there is propagation of waves (E(¥, &) 7=
0), the doubly shaded pattern is for the region where E(w,8) =0, E

(«/, 8) 7= 0; I) counter waves, restoration of the spectrum is unambig-
uwous for cases a-c; II) accompanying waves, restoration in general im-
possible; III) registry of slow (W >482) accompanying waves perceived as
counter waves in a moving reference system.

At high frequencies oJr> 442 in sector II the spectrum is restored unam-
biguously (Figures l,a, 2, 3,a); it is related to the EU(a/, &) spectrum
in the sector III (Fig. 3,a):

E, (0, 8)=(0/2Q—1) Ey(0¥/4Q—0, 8—7), o>4Q. (2.21)

The unambiguity in restoration of the spectrum of accompanying waves is
governed here by the fact that the velocity of the high-frequency waves

. (W > 452) is less than the sensor velocity and therefore in a reference
system moving with the velocity U they move in the opposite direction,
that is, give a contribution to Ey(«, 60) in sector III, not in sector II
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(Fig. 3,a). Thus, here two factors are of importance: 1) the postulated
absence of waves with directions of propagation in the left haif-plane

and 2) change in the direction of propagation of slow (high-frequency)

waves with a changeover into a moving reference system.

In the special case of sensor movement in a negative direction of the x-
axis (¥ =71) the accompanying waves are absent and the E(«/, 8) spectrum
can be completely restored using the expression (2.18).

B. If there are waves in a sector of arbitrary width, it is possible to
use the analysis carried out in example A because the only important fac-
tor is the presence or absence of accompanying waves. In particular, if

= waves occupy a sector with a width less thanJl, with such a movement of
the sensor when the projections of wave velocities onto the direction of

_ sensor movement are negative (Fig. 3,c) there can be a complete restora-
tion of the spectrum (2.18). However, if accompanying waves are present

- (Fig. 3,b) the angular spectrum is singularly broadened: it is non-zero

- as well in region III, in which there is a contribution from the high-
frequency waves from region II; in region I and for the high-frequency
waves from region II the restoration is accomplished unambiguously,
whereas for the low-frequency part of the spectrum of waves from region II
we have only the expression (2.19).

Fig. 4. Tllustration of ambiguity arising in restoration of the frequency
spectrumn of one-dimensional waves. In general, four different wave vectors

- correspond to a definite value of the frequency & . The roots of the dis-
persion equation are numbered. The first root corresponds to counter waves
whercas the other three correspond to accompanying waves. The sensor moves
in a negative direction of the x-axis.

22

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0

FOR OFFICIAL USE ONLY

C. We will examine a one-dimensional case in which we will be comncerned
with restoration of the frequency spectrum (2.7). Since the waves are
propagated only in two opposite directions, the frequency spectrum is
obtained from frequency-angular summation in these directions (8 =o,
J1). Assuming for unambiguity that Uy = U cos 30<0 from (2.16) we have:

E(g,, (1—p)n/2 E(&*
ou(m)zz (g4 (1 p)“/)+e(g— )}:! (&, m)

[1+pE,o+/2Q| 1—-g.t-/2Q1 (2.22)

h .
were £ 7 =20 —pr+oV 1 F10/Q] =t| Uy=1Us, Q=g/4|U.|.

Since the frequency spectrum does not contain information on the angular
distribution of waves, the contribution to the @U(a)) spectrum at the
frequency « is, in general, from four waves (when w)>f2-— two waves) with
different frequencies «/' (Fig. 4). However, in the case of presence of
only counter waves (E(£,J31) = 0) the restoration is unambiguous. A for-
mula for restoration of the frequency spectrum is derived from (2.18) by
the substitution E (<), 8)~ b (w):

0 ()= (1+m/2Q)¢u(m+m=/4Q). . _ (2.23)

vhich differs by the factor (1 +4J/2J2) from the result obtained in [1].
[The presence of this factor ensures satisfaction of the equation

j do O(cn)= Idm@u(m),

being an obvious corollary of coincidence of the correlation functions
with zero arguments.]

An unambiguous restoration of the spectrum of accompanying waves (in the
absence of counter waves E(Z, 0) = 0, E(§,51) =P(«)) is possible
only at high frequencies w>2(1 + /2)82

0 (0) = (0/20—1) Dy (07/42—~a), (2.24)

the lower boundary of the frequency range in which the restoration of
the accompanying waves is unambiguous increases in comparison with that
for the frequency-angular spectrum (compare (2.21), where «J>452). For
small frequencies «J<S2we have

O(E,7) +V O (&%) 0<Q. (2.25)

= o<
Oulo)=m——mar t L0

Since in the § (Cd) spectrum with oKJ? the contribution is from waves of
three frequencies 1'<2 +/2)52,
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0k +-<2Q<E, - <4Q<E,~*<2(1+72)Q,

then the low-frequency part of the @(w') spectrum cannot be unambiguous-
1y determined from P (a)). The appearance of an additional ambiguity
(third root g+“+) is relatad to the fact that in the frequency spectrum
there 1is no separation of waves by directions and this root corresponds
to slow waves which in the system of the sensor move in a direction op-
posite the initial direction. In the frequency-angular spectrum the con-
tribution of these waves would be registered separately from the contrib-

- ution of the first two in connection with a change in the direction @' =
© +31. For this same reason there is a decrease in the frequency range
where there can be an unambiguous restoration of the accompanying waves
(high-frequency part of the spectrum).

Thus, restoration of the E(<«/, @) spectrum from the known EU(“’, 8) spec-
trum under definite conditions 1s unambiguous and is accomplished using
expression (2.18). However, usually such complete information on waves is
lacking but the rise on several close trajectories is known [6]. [The
relationship of the frequency-angular spectra of waves obtained above can
be used in finding spectra having a known functional form and described
by a small number of parameters (for example, see [5, 71).] Below we
will examine the procedure for restoration of the spectrum in such meas-
urements; we will limit ourselves to limiting cases of a narrow angular
spectrum and also a low velocity of the sensors. The case of movement of
sensors at a great velocity will be examined separately.

In concluding this section we note that the results allow generalization
for the case of arbitrary wave fields. With an increase (decrease) in
phase velocity of waves with a decrease in wavelength an ambiguity in
the restoration of frequency spectra arises for long (short) waves.

- 3. Low Velocity

In measurements of the rise at several points by fixed sensors by the use
of a known method [3] it is possible to find several of the first terms
in the expansion of the frequency-angular spectrum into a Fourier series
with respect to the angle (2.9). In this case the Cn(w) coefficients
are expressed through the derivatives of the correlation function Z(r,t)
(1.1) when r = O: :

Ca@ =5 (£) 20 (@), Calo) =€) m0t,  (3.1)

where ZM(W) is the frequency representation of the function

26 (£) = (3 z+idl0g) "2t £) jomsy 1=0, 1,... : (3.2)

. If the system of sensors moves, the functions constructed similarly to
(3.1) '
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1 L L
E-(®)=§F(:§;) ¢ (@), n=0,1,...

(3.1a)
0 longer are equal to the CnU(aJ) coefficients. However, using expressions
(t.5), (2.1), (2.8) it is possible to express the experimental data (3.3)

- through the wave spectrum: ) —_— . U=U(c>(r>—s.¢i).ﬁsi4nq3)-w

E. ()= ‘21; ].de e I»dm' ('%:)h Z'E (m., 8 +'L;£"') Xﬁ[ o +‘m.;U cos(fp-ﬁ)—cm]

Expanding (3.3) into a series for U and carrying out integration for the
angle, we obtain a system of equations relating. E; («) and Cp(e):

e S (7) () o bt

mln aﬂ)

a0 M0

a vherxe (5‘) are binomial coefficlents. A solution of the system of equa-
tioms (3.4) relative to Cp will be sought in the form of a series in
the theory of perturbations wU/g<l. In the main approximation

€ @ =En(0), CU(@)=Er(w), nm0d,.. (3.5)

A formal solution with an accuracy to terms (CJU/g)!' is obtained by an
L -£o14 iteration of (3.4), with (3.5) taken into account. Here we will
cite a solution with an accuracv.to second-order terms

C.(0)=E., (0)— %Z,[ei'E"“(m).-l-e""E,,_l (@) ]+

1 U\ o
5 (5g) Bl Enns(o) e B, a0 1+ (3.6)

+ (2—[;):24;[}3-(0))+e‘“’E..—:(m) 140 [(“’Tf])] . n=0,%1,...,

- 9 -~ 3 - 8 o
==(a—2In in —n—2n n| — gy —2inl in]
L‘_m 2| lmml l+l, L;—-&) 3 la_mzmil I-H’ p,_m 2 ?ﬁ_;m(_a[:: 3
where in accordance with (3.5) we will assume that E_p(e) = Ep (W), m>
0.

If we actually know a finite number of E (<) spectra with 0< ngk, it
follows from the structure of equations (3.4) (compare (3.6)) that it is
possible to determine only 2k+1l coefficients Cp(#/) (m =0, #,...,+k);
In addition, the coefficients C*(k—?, ) (Osﬂ,g k) can be determined with
an accuracy to terms of the } -th order. In particular, if the rise is
measured at five points arranged in the form of a cross [3, 6], then by
replacing the derivatives of X, y by finite differences it is possible

to £ind Eg, E;, E, and E5, which makes it possible to determine Cp in the
third order, Cy %n the second order, Cyy in the first order and Cyg3 in
the zero order with respect to “u/g.
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4. Small-Angle Approximation

If the angular width of the spectrum AB is small (AB<€1), with a suitable
choice of the direction of velocity of the system of sensors all the waves
will be counter waves and the restoration of the spectrum is unambiguous
(sec. 2). In this case it is convenient to examine the angular moments
Xm(w ) of the E(e, 9) spectrum:

X,,.(co)==~Id6(9—9°)”E(@,9)M(A0)“, m=0,1,..., (4.1)

where the 90 angle corresponds to the general direction (below we will
assume that 90 =0). Expandlng (3 3) for 9 , We obtain 4.2)

, oMEa(@)= " - :
f dwhmh’"xﬂ‘”*)ﬁ(ﬂ)ﬂnf doa X )BT cp/g"“j doyor X, (02)8(n) +01 (46)*),

where n=a+ (a-’kZU/v) cos ¢ - &Jy. Carrying out’integration in (4.2) and _
separating the real and fictitious parts

(0:/0)"Ea(00) =4, (0) +iBa(0), 4.3) 7
we arrive at the equations )
PRANE IO MENLE . BN )]+ 2 x, ) oL 40
20 do L o

. (4.4)
B.(0) =nX,(0)/at+0[(A8)*], nr=0, 1,...,1,

where B = 24U/g, ot =1 - ,Bz, (4-)0 =d- (asz/g) cos . When n = O the
first expression in (4.4) in a zero order for AB<€1 coincides with for-
mula (2.23) o ]
. - )
(Ao (0)=Ea(@0) =(1/20) Do (0), Xo(0)=(1/21) 0 (0)).

A solution of system (4.4) is sought in the fo;g of a series for AB<L 1

Xn (w)=2x‘"<m). X'~ <Ae>~+' : .5)
In a zero order for AQ we have for X(O)(a)) the system

x® (0)=adn(0), n=0,1,.
by solving which by the least squares method we obtain;m

9 (@) o2 e (A8). 4,6
(0)= 7 gA ~(0)10i ) (4.6)

A solution of (4.4) can be obtained in any order for Ae but the resulting
expressions have an extremely unwieldy form. Here we w1ll cite a solution in
a llnear aplzsgximation Using a solution of the zero approximation, for

B XO ) and X7"/ from (4.4) we obtain
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my ’_i[_‘i?ixt‘"] + Pyl 4o n=0,1,...,1.
2 90 L o %.7)

(.)
) =aB./n, n=1,...,l, 3 (4.8)

where Argl) (o)) = Ap(d) - X(O) (w)»AB. Excluding the function x)
by means of the first of the equations (4.7) from the remaining { equa-
tions, with allowance for (4.8) we arrive at a system of 2§ algebraic
equations relative to Xl . We find a solution of this system by the
least squares method:

= (1/21) (a¥/p,) 2 (Aa—A45) In+(a/2l) EB,./n. .9)

With known X(O) the X(l) value is found as solution of equatlon 4.7):
“’_-(zp,/a)x“" ‘/,8/3(0[ (mb,/a)Xm 1. (4.10)

Formulas (4.9), (4.10), (4.6), (4.5) solve the problem of restoration of
a narrow angular spectrum in a linear (with respect to A9< 1) approxima-
tion.
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UDC 551.463.5:535.31:551.46.086

ACCURACY IN MEASURING THE PARAMETERS OF THE SEA SURFACE BY OPTICAL
SCATTEROMETERS AND ALTIMETERS

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 16, No 3, 1980 pp 305-312

[Article by A. G. Luchinin, Institute of Applied Physics, submitted for
publication 27 November 1978]

Abstract: Expressions are derived for random real-
izations, mean values and energy spectra of glitter
signals in sea optical scatterometers and alti-
meters. On the assumption of smallness of the in-
ternal noise of the photodetector the author gives
evaluations of the accuracy of measurements of the
dispersion of sea surface slopes and the dis-

tance between the mean level and the altimeter.

[Text] In this article the author examines the principal properties of
signals in two types of active optical systems for observing the wave-
covered sea surface —-- scatterometers and altimeters. It is assumed that
the component of light radiation caused by volume scattering in the near-
surface water layer can be neglected and the useful signal in these in-
struments is formed due to mirror reflection of the directed radiation
from appropriately oriented surface elements.

As is well known [1-3], the useful information in scatterometers operat-
ing on the basis of glitter is in the power of the signal arriving in

the detector. On the basis of its value as a function of the observation
angle it is possible to judge, in particular, about the spatial distribu-
tion of the dispersion of sea surface slopes, and accordingly, about the
direction and velocity of the wind over the surface [1-3], about the pos-—
sibility of observing underwater objects through the wave-covered interface
[4], remote detection of petroleum spots on the sea surface [1,2], etc.

With respect to altimeters, their operating principle is obvious: informa-
tion on altitude 1s contained in the phase of the received signal (for
altimeters operating with a sinusoidally modulated (SM) beam) or in the
lag time of the light pulse reflected by the surface (for pulsed
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altimeters). The use of such instruments in oceanography can be useful
for studying the sea geoid and the variability of the topography of the
world ocean [5].

In this connection it is important to evaluate with what accuracy it is
possible to measure the dispersion of the slopes or height in the instru-
ments enumerated above, and, in particular, answer the question as to how
this accuracy is related to the state of the surface and the principal
parameters of the instruments. It is evident that the accuracy of such
measurements must be determined by the noise level of the detector and
also the value and spectral composition of the fluctuations of the sig-
nal arriving at the detector. Since the method for computing the photo-
detector noise is known (for example, see [6]), and in general is depen-
dent on its type, henceforth we will examine only the noise related to
fluctuations of the optical signal itself. In case of necessity the de-
tector noise can be easily taken into account. Therefore, the evaluation
cited below pertains to any ideal observation system in which the para-
meters of the received signal can be registered with as high an accuracy
as desired. The accuracy of the measurements in this case will be charac-
terized by the standard deviation of these parameters (observed in a
limited surface sector) from their mean values, determined on the assump-
tion of a statistical homogeneity of the surface. The evaluation of meas-
urement accuracy obtained in this way can be regarded as the maximum attain-
able. '

Before proceeding to computations of fluctuations of the useful signals,
we will first cite the principal formulas relating their random realiza-
tions and the mean values to the surface parameters.

1. Functional Relationships Between Parameters of Sea Surface and Radar
Signals

First we will examine the properties of a signal in instruments of the

scatterometer type. We will assume that the radiatiom source and detector
- are spatially matched and the optical axes of their directional diagrams
’ coincide. In this case the detector receives radiation reflected by the
surface in a backward direction and its glitter image can be formed by
scanning with a narrow light beam in the case of wide-angle reception or
due to use of a multicomponent detector (camera, TV receiving tube, etc.)
when the surface is irradiated with a broad beam. Thereafter for simplic-
ity and shortening the writing of the formulas we will assume that re-
gardless of the method for forming and registering the image the time
necessary for this (the time for obtaining a frame) is quite small so
that the surface can be considered "frozen." For this purpose we will as-—
sume that the directional diagrams and the apertures of the source and
detector are described by Gauss functions. Then the brightness of the
light field Ip at the source output and the function describing the prop-
erties of the detector D can be represented in the following form:
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fo P {_ (—m) "(ui—xu)’"}
0 n’a.’ﬂ.’_ a 5-' ’

[{C= detector; U = source]

D==ex;p {__ (r:::) ! (”J.;;u) : }’

where P, is the power of the source; ry 1s a vector describing the posi-
tion of the scatterometer in the horizontal plane; X, is a unit vector
directed along the axis of the directional diagram;jon_ is its projection
onto the horizontal plane; the parameters agoyrces adetectors> Psources

- B detector characterize the width of the apertures and the diagrams of
the source and detector.

If the observation is made in directions close to the normal (,7‘0.1"{1)
and the height of positioning of the scatterometer above sea level is
much greater than wave height, the expression for a random realization of
signal power in one imagq»g}eggq;g}g_fhég case has the form:
p= PR .ﬁ ex {_ (r—ro)? _ 4[r~rth(n;—n,.) 1 }dl'
N ﬂﬂlzh’ (an"* al’) P ﬁazh' au2+a-l ’
[W = detector; H = source]

@

where R is the reflection coefficient (R = 2-10‘2),‘502 = ﬁgourceZ-
Pdetector?/ ( Psource? + Pdetector?)s Bu (r) is the projection of the unit
normal to the surface onto the horizontal plane; with the opposite sign
this value is equal to the surface gradient and characterizes the value
and direction of the slope at a particular surface point. In writing (1)

it was assumed that jasource2h2;>asource2 and /gdetectorzhzj?adetector .

Assuming that the surface rises have a normal distribution and assuming
the waves to be isotropic, it is possible to obtain the following evalu-
ation for the mean (for a set of surface realizations) signal power (1):

. P DR
- 8B e Hoe’ “"{ 200t }

where obZ is the dispersion of slopes. In the derivation of (2) it was
assumed that there is satisfaction of the inequality ﬂ02<§2<r92. Expres-
sion (2) reflects the well known fact that the mean brightness of the
glitter image as a function of the observation angle in the case of a
narrow scatterometer diagram duplicates the distribution function of sur-
face slopes.

Now we will proceed to a description of the properties of the signal in
optical altimeters which are intended for measuring the distance between
the surface and the instrument and which can be used in registering the
large-scale (exceeding the dimensions of the resolution area) variations
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of the surface level. The received signal in these instruments, the same
as in scatterometers, is formed due to the reflection of the sounding

_ field from surfaces with a mirror orientation relative to the altimeter.
However, its statistical characteristics, in contrast to the signal for
the scatterometer, are determined by the statistics not only of the slopes,
but also the rises £ (r).

With the same assumptions as earlier, for altimeters operating at the nadir,
it is possible to derive the following formula for a random realization
of signal power at the photodetector input.

(h( ) —&(r))
P(t,x)= et (a., - _UF( __.L,._L_) 3
(r—r.)? 4(ro—r+nLh)"
Bk aitad }d ’

Xexp {

where c is the speed of 1light; F(t) is a function describing the temporal
change of the radiated power. For an altimeter operating with an SM beam

F(t) = Pyl + m cos (Jt +9, )1, and for a pulsed altimeter describes the
shape of the radiated pulse, and

_[- F(t)dt=w,,

where wQ is the total pulse energy.

We will assume that in an altimeter with an SM beam the information on the
h(rg) value is obtained as a result of synchronous detection. [Signal
heterodyning is more common, as was done, for example, in [7]. However,

the use of any processing method is determined by the convenience of tech-
nical solutions and exerts no influence on the essence and final conclu-
sions of the considered problem.] Then, if the wavelength of modulation is
much greater than the wave height and variations of distance to the sur-
face Ah(ro) and the phase of the reference signal is selected in such a way
that the signal falls on the linear segment of the characteristic curve for
the synchronous detector, at its output we obtain

_ 2KmPatoR : “)
A(r,)= W H (Ah(fo) E(T))x
Xexp{-— (r::;) . 4(:.,::]::‘ k)’ }dr

where K is the coefficient of signal transformation in the photocathode-
synchronous detector channel.
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If it 1s also assumed that in a pulsed altimeter there is registry of a
signal proportional to the relative lag time of the center of gravity of
a received pulse, it is easy to demonstrate that its random realization
is also described by expression (4). In this case the factor Qgy = mPqy<//
¢ must be replaced by Qgoyrce = woq/cT where q and T are parameters
characterizing the processing unit; q is the steepness of the reference
signal, T is the time constant of the integrator. The further results
will be correct for both types of altimeters since the expressions for
the random signal realizations in both cases coincide. It is useful to
note that if the mean powers of the sources in these altimeters are iden-
tical, all other conditions being equal the accuracy of the measurements
will also be identical, even with shot noise taken into account. [Some
difference in the shot noise level can be associated with constant back-
ground illumination. When this is present pulsed altimeters have a greater
accuracy than continuous altimeters.]

Averaging (4) for the set of surface realizations, we obtain the following
expression for the mean signal:

TR Gu ﬁn 0- " (5)
A(r) 4-(5.’+Bu’) k3 o’-Ah(h) .

[A = source; T = detector]

Thus, the value for the signal in the altimeter, averaged for surface real-
izations, is proportional to variations in the distance between the mean
surface level and the altimeter.

In general, the formulas for the mean signal components are obvious and can
be derived with less rigorous restrictions than those which were used in
their derivation. However, these restrictions essentially simplify the
computations when computing the second moments of the considered signals.

2. Energy Spectrum of Radar Signals

In evaluating the fluctuations we will proceed to a spectral description
of the random processes (1), (4). We will assume that the characteristic
spatial scale of the signal fluctuations in the scatterometer is much less
than the characteristic scale of change of mean power. This assumption
makes it possible to regard the process to be quasistationary (in space)
and to compute the fluctuations by a standard method for some sector of
the frame within which the observation conditions change to a negligible
degree. In actuality this means that the %L value in (1) can be consid-

ered constant aud the spectral amplitude of the process (1) 1is represented
in the form: g e e

Lk ) = ), _[j' P(l‘.,xu)e rod,.

R

6)
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The energy spectrum G(k) of the random value P(rg, ¥gy ) is related to
the spectral amplitudes L by the expression [8]:

B < w2 BT L )

Therefore, the procedure for computing the energy spectrum is reduced in
essence to a determination of the spectral amplitude L of process (1) and
computation of the L(k)L(k') value using the known two-point slope dis-

tribution function w(ny, n, ', P). As a result, for the energy spectrum
of the signal in the scatterometer we obt.ain.

Pla, R 8
G.(k)—m j Jra s M )X ®)
Xw (n.l.n n.L ’ P)e kpdpdl“&dn.l. ’
where e » ___;_,, _
e L) a0 0
Sloites) (e ta HaBTR) | itar

In order to evaluate the integral in (8) we will approximate the correla-
tion function of surface rises in the following way:

120 with 20} (9
.B.(p)i=[_°‘ * 72 OSp= T
=P

with

Then the function w(n, , n, ' » P ) assumes the form

B n1’+n_,_"—2I‘(p)n_,_nL (10)
w(n,,n,’ p)==exp{ 20¢*(1—T"(p)) }
where N P R e e
1 with P=po,
. T(p)= (11)
- {0 with P7P»

We introduce into (8) the factor exp(- ﬁ 2 21(2/2) corresponding to the
averaging of the image over the area of the resolution spot on the ground.
Then, substituting (10) into (8) and carrying out integration with (11)
taken into account, we obtain the following expression for the energy
spectrum of the signal in the scatterometer:

— Po’ﬂn‘ﬂu‘ﬂ’ kz :p. X. S a.S. 12)
R }X[an) ﬂ‘+6( )!

33
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300010007-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000300010007-0

FOR OFFICLAL USE ONLY

where S =J'IP02 is the effective area of the correlation surface.

Expression (12) is correct if the S, value is much less than the area of
the resolution spot (TIBO h2). Precgsely this inequality P <ﬂoh makes
it possible to use such a rough approximation of the correlation function
as (9). As a result, we obtained the signal spectrum in the form of the
sun of the spectrum of white noise passing through the filter, whose band
is determined by the dimensions of the resolution spot and the discrete
line at k = 0, describing the non-zero mean component of the process.

A similar evaluation of the energy spectrum is easily made for the signal
in the altimeter. The procedure for computing the energy spectrum differs
from that cited above only in that for averaging the product of spectral
amplitudes it is necessary to use the joint two-point distribution function
for rises and slopes. Omitting the intermediate calculations, we will cite
a final expression for the energy spectrum of a signal in the altimeter.
When Ah(ro) 0 the mean signal is equal to zero, the process is station-
ary and in accordance with (4), (6), (7) and (9) this expression has the

form: .

: L
[H = source; = detECtor; G.(k) K‘Ql enly ﬂn Rz . GEzSoaok (13)
M = SM] 16(Ba’+pa’) k'oe (2m)%,*

Thus, as in a scatterometer, the signal in the altimeter has the form of
white noise passing through a filter whose parameters are determined by
the direcctional diagram of the instrument.

3. Signal-to-Noise Ratio and Limiting Measurement Accuracy

Having expressions for the energy spectrum, it is easy to find the signal-
to-noise ratio in the surface image. In instruments of the scatterometer
type, in accordance with (12) _this ratio is equal to:

- . lu’bo :

= 2p la.l ’ N (14)

where Qel = Zﬁoh is a linear resolution element on the surface. If the
image is subjected to spatial filtering for the purpose of smoothing the
spatial noise, in (14) it is necessary to replace 2’3 h by the dimension
of an element corresponding to the averaging window, which can be much
greater than Z)BOh. However, it can be seen that the maximum signal-to-
noise ratio is obtained in a case when the averaging occurs in image
formation. This is associated with the circumstance that the 7 value is
proporticnal to the width of the scatterometer directional diagram and
therefore the value must be the maximum admissible. We note that the
integrand in (149 can be interpreted as the product of the number of in-
dependent (uncorrelated) surface sectors in a resolution element and the
probability of the glitter falling in the scatterometer detector. In ac-
tuality, if we somewhat overdetermine the correlation radius of the
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surface, then (14) can be represented in the following form:
T e, AT T -t
1=VNip, s)

vwhere p = /302/20'92, N = )-elz/Po'z’ Po' = PO/Z. [The condition po'
= 0/ 2 corresponds to the following determination of the correlation radi-
us: Pg'2 = §Bg (PIPdP/Bg (0) with Bz (p) described by formula (9).]
Since formula (15) determines the number of gradations distinguishable

in the received signal, the accuracy in measuring the dispersion of slopes
in accordance with (2) (for the cen-ral part of the glitter image) is de-
scribed by the expression: R

Age? A—i : 1
=yt 16
gé’ ¢ TpN (16

It should be noted that the derived expression (with p<(1) coincides with
the known formula for the mean relative deviation of a process with a
binomial distribution law [8]. Substituting into (15), (16) the explicit
expressions for PO and lel, we finally obtain:

y=oi/Beth. an

It follows from (17) that the accuracy in measuring the dispersion of
slopes is determined by only one surface parameter — mean square wave
height. Expression (17) also determines the range of possible changes in
instrument parameters —- the directional diagram and height. The choice
of these parameters for a specific instrument is dependent on with what
detail and accuracy, how rapidly and from what area it is necessary to
collect information on the surface.

Similar reascning is alsc possible for optical altimeters, although in
this case the quantitative relationships between the accuracy in measur-
ing height, state of the surface and instrument parameters will be dif-
ferent. It would be logical to expect that the accuracy in determining
height is represented in the form of the product of the mean square
height of waves Of and the value of the mean square error in measuring the
dispersion of slopes described by formula (16). However, a comparison of
formulas (5) and (13) leads to the following expression for the minimum
detectable change in the distange between the altimeter and the mean sur—

face level:
. a1 (¢F:))
A= 2 YL :
[MUH = min] 27 pN

- The difference between the anticipated evaluation for Ahm and that de-
rived on the basis of computations using formulas (5), (13}ncan be inter-
preted in the following way. If Ahmin 1s computed on the assumption of a
statistical nondependence of the rises £ (r) and slopes ny (r), for A hpin
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it is possible to derive the formula

[MMH = min]

which differs from the anticipated formula only by the factor 1/Y2. There-
fore, the origin of the factor 1/ v2Z is due to the finite correlation be-
tween the rise of the surface and its slope. As a result of this correla-
tion in the signal registered by the altimeter the surface sectors corres-
ponding to the wave crests and troughs are represented more frequently
than the sectors situated near the mean level surface. In other words,

the surface-altimeter system produces some effective filtering of the sig-
nals, leading to an increase in the scatter of the registered points. With
respect to the origin of the factor 1/v'2, it is probably related to the
finite dimensions of an independent surface sector participating in forma-
tion of the signal and corresponds to an effective averaging of its phase
(height). :

We will represent formula (18) in a different form:

: Mhas G0 9)
Oy- 1 ﬂo ’

[MUH = min]

Expression (19) shows that the relative accuracy of the aitimeters (the
error in determining distance, related to the mean square wave height) is
always worse than the accuracy in determining the dispersion of slopes.
This circumstance, as already noted, is related to the finite correlation
between the slopes and rises.

An evaluation of the anticipated accuracy of scatterometers and altimeters
in dependence on the surface state (wind velocity, units on the wave scale)
- and the requirements on the instrumentation without difficulty can be ac—
complished using formulas (16), (18) if we know the Og and Opvalues, in-~
formation on which can be found in studies [1, 2, 9-11]. When making spe-
cific computations it is only necessary to check satisfaction of the in-
equality N»1 or P02<ﬂ02h2. Otherwise formulas (16, 18) are incorrect.

In conclusion we will mention a number of obvious generalizations which
the method developed in this study allows.

1. Although the final formulas were derived on the assumption of isotrop-
icity of the waves, they also are correct in a general case. For aniso-
tropic waves in formulas (14)-(16) it is necessary to make the replace-
ment Og = Jo*ex 08 y» where Opy, O’gy are the mean square slopes in two
mutually perpendicular directions. With respect to the accuracy in
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measuring 0g,2 and Oy 2, as before it will be determined by formula (17).

It is easy to confirm tzis assertion if in place of (9) the correlation
function of rises is approximated by part of an elliptical paraboloid.

2. This same evaluation is suitable for determining the accuracy in measur-
ing the dispersion of slopes by scatterometers operating in a passive re-
gime and registering the brightness distribution in the solar track. In
this case, despite the fact that formulas (1), (2) and (12) are somewhat
modified (primarily due to a different observation geometry), formula (16)
retains its form for the central part of the image of the solar track.

= 3. The resulting accuracy evaluations can be regarded as limiting also for
active radio scatterometers and radioaltimeters operating in the SHF range
on the same principles as the optical instruments considered above. It goes
without saying that they are incorrect in a case when the useful signal

in these instruments is formed due to diffuse scattering and the glitter
component is excluded due to an appropriate choice of the sounding angle.
This case requires special investigation. This same comment also applies

to optical altimeters registering the phase of radiation scattered in the
near-surface water layer.

' N

The author expresses appreciation to L. S. Dolin and Yu. M. Zhidko for a
critical and useful discussion of the results in this study.
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UDC 551.46.08

THEORY AND CALCULATION OF EQUILIBRIUM OF OCEZANOGRAPHIC MEASURING
SYSTEMS

Leningrad TEORIYA I RASCHET RAVNOVESIYA OKEANOGRAFICHESKIKH IZMERITEL'NYKH
SISTEM in Russian 1979 signed to press 11 Oct 79

[Annotation, Preface and Table of Contents of book by N.F. Kudryavtsev]

[Text] A wide range of problems necessary for calculating a stable hydro-
dynamic equilibrium for arbitrarily loaded oceanographic measurement
_ systems consisting of different types of towed or stationary measurement
’ devices sequentially intercomnected by a flexible, unstretchable cable is
examined on the basis of well known results of modern mechanics and mathe-
matics,

The monograph is intended for specialists occupied in the design and -
operation of oceanographic measurement systems and also for students of
advanced classes of marine specialties.

This monograph is one of a number of studies which are highly specialized
and it presents a consideration of an extremely important problem: the
design of stationary and towed oceanographic measurement systems (buoy
stations, series of bottom sampling water bottles and others) which, in
the past 15-20 years literally revolutionized the technique and methods
of marine research, '

Nevertheless, reliable methods of designing the above mentioned systems -
did not exist previously, therefore the selection of parameters of their
elements is not precise and error-free which, of course, greatly reduces
the reliability, stability and, in the final analysis, the effectiveness
of these methods of investigation.

Such a situation was complicated basically due to two fundamental diffi-
culties. The first of these is connected with the selection of a law of
hydrodynamic resistance of buoys, cables, situated on these devices and
other elements of the systems and, second, is associated with previously
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insurmountabie difficulties. The author dealt with the first question by
setcing up special experiments in a hydrodynamic trough and obtaining the
form of dependence of the drag on the angle of attack by an empirical
method and he solved the second problem by means of numerical integration
on an electronic computer.

- As a result, the author was able to develop a method of calculation of
all the basic elements of oceanographic measurement systems and also the
loadings on them. The value of the results obtained for oceanographic
(and not only oceanographic) observations, considering what was said above
is difficult to overestimate.
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UDC 528:061.3
PROBLEMS IN MARINE GEODESY

Moscow IZVESTIYA VYSSHIKH UCHEBNYKH ZAVEDENIY, GEODEZIYA I AEROFOTOS"YEMKA
in Russian No 1, 1980 pp 115-119

[Article by Professor N. V. Yakovlev, Doctor of Technical Sciences, Moscow
Order of Lenin Institute of Geodetic, Aerial Mapping and Cartographic En-
gineers]

[Text] The term "marine geodesy" was put into use for the first time in
1804 by the Russian researcher and navigator G. A. Sarychev. At that time
the term was used to mean the complex of studies involved in hydrographic
description of the seas (depth measurements), study of sea currents and
the compilation of hydrographic charts.

The content of the term "marine geodesy" has now become incomparably broad-
er and more complete. Marine geodasy is a branch of geodetic science and
practice, the object of geodetic investigations being the world ocean, in-
cluding the continental shelf.

At the present stage the principal scientific task of marine geodesy is
the study and refinement of the parameters of the figure and gravitational
field of the physical surface of the seas and oceans, coinciding or almost
coinciding with the surface of the geoid, and dlso study of the topography
and gravitational field of the bottom of the seas and oceans.

The principal scientific-technical task in marine geodesy essentially in-

voives a determinaiivn, witn geodetlc accuracy, of the position of points
. or objects on the sea surface, on the bottom of the seas and oceans, and
also within the water medium, and this in a unified coordinate system, as

is particularly important, for example, in the system of the terrestrial
ellipsoid.

These tasks are closely interrelated and are solved jointly. It must be
noted that since ancient times the determination of the coordinates of

sea ships on the surface of the seas and oceans has been the task of a
special science -— marine navigation. However, the purpose and accuracy
of these determinations in this case are somewhat different than in marine
geodesy. The task of marine navigation includes ensurance of safe
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navigation. Until the recent past in marine navigation there has been no
need for the exceptionally high accuracy in determining coordinates which
is characteristic of geodetic measurements in the study of great expanses
of the earth's surface and the world ocean in topographic-geodetic and
gravimetric respects.

In determinations of the positicn coordinates of ships in the world ocean

both for navigational purposes and for the purposes of marine geodesy, at

the present time extensive use 1s made of satellite, radionavigation, on-

board inertial and other systems, more and more frequently being combined

into so-called integral systems or automated measurement complexes for the
purpose of increasing the accuracy in determining coordinates.

The accuracy of all these measurement systems from the point of view of
solution of scientific and practical problems in marine geodesy for the
time being is still inadequate. Accordingly, the problem arises of fur-
ther improvement and development of a new measuring system with an accur-
- acy not less than an order of magnitude greater, which can be employed
for determining the coordinates of points on the surface of the seas and
oceans. This involves solving a great number of diverse problems and tasks
associated with the development and ereation of more precise instrumenta-
tion, the development of more modern determination theories and methods
and allowance for the influence exerted on the measurement results by a
variety of sources of errors, including instrument errors and the environ-
ment. The problem also arises of developing and improving algorithms for
the mathematical processing of measurement results.

Satellite altimetry has successfully been introduced for studying the topo-
graphy of the sea surface. The next task is to reach reliably the 10-cm
level of accuracy in measuring the relative rises of the sea surface with

i a simultaneously high accuracy in determining the orbital elements and
positions of artificial earth satellites in orbit during each observation
period. It 1s necessary to carry out a considerable volume of scientific
research and experimental-practical work so that it will be possible to
detect not only large, but also small waves of the geoid reliably and with
a high accuracy and ascertain the height of the geoid above the terrestrial
ellipsoid with errors not greater than one or two meters at any place in
the world ocean. :

As indicated by the results of satellite altimetry, the physical surface

- of the seas and oceans, under the influence of the wind, tidal phenomena,
changes in air pressure and other factors, does not coincide with the sur-
face of the geoid; it constantly changes its vertical position relative to
the geoid and the sea floor, sometimes up to 10 m. Failure to take this
circumstance into account invariably leads to the appearance of errors in
computing corrections for reduction of the measurement results to the sur-
face of the terrestrial ellipsoid. For example, with deviation of sea
level by only 5 m from the surface of the geoid a failure to take this
deviation into account causes an error of about 1.5 mgal with reduction
of gravity to the terrestrial ellipsoid, inadmissible in precise measure-
ments. ’
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Attention must also be given to the fact that registry of the deviations
of sea level (vertically) from the surface of the geold must be accomplish-
ed synchronously with gravimetric and geodetic measurements made aboard a
ship. There is still no answer as to how to solve this problem. In this
case satellite altimetry may be useless because at each moment in time
when gravimetric and geodetic measurements are being made the satellite
altimeter as a rule will not fly over the vessel but possibly hundreds
and thousands of kilometers from it. The following problem arises: how,
by what means and by what methods at each moment of geodetic and gravi-
metric measurements is it possible to determine the vertical deviations
of sea level from the surface of the geoid so that with a suitable accur-

acy it will be possible to reduce the measurement results to the surface
of relativity?

The following work must be done in conmection with the multisided study
and mastery of the world ocean and coastal shelf:

-- mapping of the sea bottom at different, including large scales;

-~ implementation of different kinds of engineering-technical work on the
sea floor, related, in particular, to exploration for petroleum and gas
and its productiom, working of mineral resources, laying and repair of
pipelines, cables, etc.;

- study of tides and sea currents;

-- determination of sea surface slopes;

-- study of the life in abyssal depressions and large underwater ridges in
the world ocean, etc.

In order to carry out these and a great many other types of work, to be
accomplished at sea, it is necessary that a geodetic control network be
created on the sea floor, this belng a continuation of the continental
geodetic network and using the same system of coordinates and elevations;

this network must be constructed with the highest possible degree of ac-—
- curacy.

In principle there must be a geodetic control network over the entire area
of the world ocean. However, for the immediate foreseeable future a solu-
tion of this problem is not within the capabilities of any one country

due to technmical and economic considersations. Accordingly, bottom networks
2f primarily loccl ol,illiciace wiil Zor the most part be created. How-
ever, individual bottom stations can and evidently will be established

in different regions of the world ocean.

The creation of a geodetic network of control points both on the land and
on the sea floor begins with the development of the scientific and tech-
nical conditions which this network must satisfy. Applicable to the condi-
tions of the seas and oceans such scientifs. and technical requirements
have yet to be satisfied. In the not too distant future this rather complex
problem will be given priority and it will be necessary to discuss it in
all details, taking into account a variety of needs of different depart-
ments interested in the creation of a geodetic control network on the

- floor of the seas and oceans.
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Next the problem arises of choosing the most desirable scheme and program
for constructing this network. This problem must be solved taking into
account the specifics of fixation of the stations on the sea floor and
determination of their coordinates.

It is understandable that bottom geodetic stations in the seas and oceans
in their design have nothing in common with triangulation and polygonomet-
ric stations. Sea control stations are passive or active hydroacoustic
transmitters. The development and creation of hydroacoustic bottom sta-
tions, optimum in a definite sense, is a rather complex scientific and
technical problem. A number of designs of acoustic systems have now been
developed for the fixation of bottom stations, but they all require fur-
ther improvement for the purposes of increasing the range and duration of
their effect, and also increasing their economy.

The determination of coordinates of stations in the geodetic network on
the sea floor with an accuracy even two orders of magnitude less than

in the modern first- - fourth-order geodetic networks created on the
land is an exceedingly difficult problem. The reasons for this circum-
stance rest in the complexity of the transfer of coordinates from the
earth's surface to the sea floor. These difficulties increase appreci-
ably with increasing distance of sea stations from the stations in the
continental geodetic network with known coordimates and also with an in-
crease in depth of the sea bottom.

In a general case the transfer of coordinates to stations in the geodetic
control network created on the sea floor is accomplished using the fol-
lowing approximate scheme: at the® time of observation an automated meas-
urement complex is employed in ascertaining the instantaneous coordinates
of the vessel on the sea surface and from that moment —- the track of

the ship. Simultaneously with these observations, using hydroacoustic
systems, measurements of slant distances are made from specific points on
the vessel to bottom stations in accordance with some scheme most desir-
able under specific circumstances. All these measurements are made at a
real time scale.

By knowing the coordinates of the ship and the distances between the ship
and the station to be determined on the sea floor at some moments in time
it is easy to compute the coordinates of this station from solution of
repeated linear intersection. There can also be other variants of solution
of the particular problem, but the basic principle in step-by-step deter-
mination of the coordinates first of the surface ship at some moments in
time and then through it, the coordinates of the station on the sea bottom,
is retained. In order to increase the accuracy in constructing a bottom
network it is necessary to make additional measurements of the distance
between its adjacent points, for example, by the method of intersection

of the acoustic line between them and then adjustment of the network for
all the geometric conditions arising in it.
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At the present time the accuracy in determining the coordinates of sta-
tions on the sea bottom is still inadequate from the geodetic point of
view, especially in the case of a considerable distance of these points
from the shore line and great depths of the seas and oceans. An exceed-
ingly difficult problem is bringing about a substantial increase in the
accuracy in determining the coordinates of bottom stations in the world
ocean. In this conmection it is necessary to solve a wide range of highly
complex scientific and technical problems and tasks. We will note some

of them.

= It is necessary to increase the accuracy in determining the position of
the vessel on the sea surface by one or two orders of magnitude, espec-
ially at the times of observations, and also the accuracy in reckoning
the ship's track between observations; there must be a substantial in-
crease in the accuracy of hydroacoustic measurements of distances and
directions between bottom stations and acoustic detectors installed
aboard a ship. There is a need for a more detailed and precise study of
the figure and gravitational field of the surface of the geoid in the
- seas and oceans; it is necessary to develop means and methods for de-
termining changes in the height of the sea surface and the ship relative
to the surface of the geoid or the sea bottom during the period of ob-
servations and reckoning of the ship's track.

Despite the complexity and great cost of modern measurement complexes
installed aboard scientific research ships, they nevertheless do not en-
sure the required high accuracy in geodetic determinations of the inst-
antaneous coordinates of a vessel on the sea surface. In this connection

- much research work is planned on the further improvement and substantial
increase in the instrumental accuracy of automated measurement complexes
and the development of the most effective methods for discriminating and
taking into account the systematic errors in the results of measurements
made using this apparatus.

In solving the latter problem it is necessary, in particular, to create
special sea standard polygons intended for the calibration of sea meas-
urement complexes. It is desirable that polygons be established in the
most characteristic regions of the seas and oceans. Such polygons will
adre it possible uo: oualy to carry out calibration of sea measurement sys-
tems and complexes, but also to carry out a wide range of scientific in-
vestigations for the purpose of developing the most effective means and
methods for sea measurements of different kinds —- geodetic, gravimetric,
etc.

A broad range of complex problems arise in connection with the need for a
substantial increase in the accuracy of hydroacoustic measurements of dis-
tances when creating bottom geodetic networks, and in particular, the prob-
lem of determining the most precise velocity of sound propagation along
each specific line in the sea medium at the time when these measurements
are made.
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We note in conclusion that the principal, fundamental problems and tasks
in marine geodesy for the most part remain the same as in geodesy as a
whole. The principal and fundamental differences essentially involve the
development and use of other means and methods for all types of geodetic,
gravimetric and other types of work in the seas and oceans caused by the
specifics of marine conditions.

The sharp difference between the water medium and the earth's solid crust
on the land, the temporal and spatial variability of the surface of the
seas and oceans, the poor transparency of the water medium in comparison
with atmospheric transparency, the absence of any possibility for visual
inspection of the surface of the sea floor, etc., all these factors taken
together place before geodetic science and practice a number of highly
complex problems and tasks which geodesists earlier virtually never have
had to deal with and which now must be solved.

In order to carry out geodetic and gravimetric studies at sea it is neces-
sary to have not only specific methods and measurement apparatus, but

most of all specialists who have mastered the complex measurement tech-
niques and methods and who are capable of implementing this work under

the difficult conditions at sea with high quality and at a high scientific
level.

Taking this circumstance into account, specialists at the Moscow Institute
of Geodetic, Aerial Mapping and Cartographic Engineers have begun the
planned training of astrogeodesists for work at sea. Since 1974, on the
initiative of the Institute's Rector, V. D. Bol'shakov, there has been a
- field of specialization in the fourth and fifth years of the astrogeodesy
curriculum and each year there are instructional-practice and practical
field work sessions for a group of students in the third and fourth years
of the Department of Higher Geodesy. In these sessions the students and
instructors acquire the necessary work experlence at sea on the geodetic
support for marine geological-geophysical surveys on the continental
shelf of the country,.
COPYRIGHT: Geodeziya i aerofotos'yemka, 1980
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OPTIC METHODS OF STUDYING OCEANS AND INTERNAL RESERVOIRS

Novosibirsk OPTICHESKIYE METODY IZUCHENIYA OKEANOV I VNUTRENNIKH VODOYEMOV
(Optic Methods of Studying Oceans and Internal Ressrvoirs) in Russian 1979
signed to press 16 Mar 79 p 2, 354-357

[Annotation and table of comtents from book edited by Grigoriy Ivanovich
Galaziy and Kusiel® Solomonvich Shifrin, Nauka, 1,450 copies, 359 pages]

[Text] This book examines the use of optic methods in the visible and
infrared ranges to study oceans and internal reservoirs, The collection has
been prepared from materials of the third plenary session of the ocean optics
branch in the Oceanographic Commission of the USSR Academy of Sciences, and
consists of the following sections: general questions on long-range measure-
ments and the optics of reservoirs; study of the celor and spectrum of the
outgoing light to evaluate the chlorophyll and suspended matter in the
water; optic methods of studying wave action; long-range methods of
measuring pollution; study of surface radiation temperature; problems of
optics of lakes and land water in relation to long-rangs investigation

- mothods; the light field in reservoirs and long-range measurement methods.

The collection is designed for scientific workers, engineers, post-graduate
students and students that are interested in questions of environmental
protection, physical oceanology and limnology, and long-ranges measurement
mothods,
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Asterisk marks works presented as summaries,
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TERRESTRIAL GEOPHYSICS

HOLOGRAPHY AND OPTICAL DATA PROCESSING IN GEOLOGY AND GEOPHYSICS

Leningrad GOLOGRAFIYA I OPTICHESKAYA OBRABOTKA INFORMATSII V GEOLOGII I
GEOFIZIKE in Russian 1979, pp 2-4, 193-194

[Annotation, table of contents and introduction from book edited by S. B.
Gurevich, Order of Lenin Physico-Technical Institute imeni A, F. Ioffe,
Leningrad, 500 copies, 195 pages]

[Text] Annotation

Peports read at the All-Union Seminar or Optico-electronic Methods of Pro-
cessing Geological and Geophysical Data, held in Tomsk in 1978, served as
the basis for the present collection. The main theme of the collection is
the processing of large masses of geophysical data and the creation of new
instruments and ‘devices for the optical processing of geological and geo-
- physical materials. Specific methods and devices are examined along with
survey reports on that theme, The materials presented in the articles are
- of great importance for the development of work envisaged by the national
economic plan, They provide the possibility for specialists, geophysicists
and geologists to become acquaintad with the new possibilities opened up .
by holography and methods of optical data processing in tasks of searching

] and prospecting for minerals,
CONTENTS
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_ 0. A. Potapov, The problem of processing large masses of geologlcal
and geophysical data and ways to solve it 5
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time segments with arbitrary filter parameters 30
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possibilities of optico-electronic computer devides with sp. i.lly
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De. A. Kutukov and G. A, Gurove Improvement of the characteristics
of optical devices used to process geological and geophysical data 50
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in seismic data filtration 58

V. P. Ivanchenkov and V. A. Shlotgauer., Phase-frequency analysis of
seismic vibrations and some ways to realize it in optico-electronic
data processing systems 65

- V. S. Pinzhin, Z. B. Khayut and V. A. Shlotgauer. Electronic
computer units of non-coherent” optical spectrum analyzer 74
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A. N. Galanov and V. P. Ivanchenkov. On estimating the properties
of some methods of spatially modulated registration of signals in
optico-electronic data processing systems 110

Ae V, Dutov. Investigation of the noise resistance of some methods
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V. P. Golosov, V. Ye, Savarenskiy and S, D. Trankovskiy. Use of
a pulsed laser to excite ultrasonic vibrations : 163
R. S. Bachevskiy, S. A, Vasil'yev and G. I. Gas'kevich. Use of
the method of optic matching of filtration for the analysis of
lineament grids 175
D. A. Yanutsh, Z. G, Yefimova and N. V., Skublova. Use of coherent
optical processing in the geological decipherment of aerial photo
surveys ' 182

Introduction

The complexity of the problems to be solved in the search for petroleum,
gas and solid mineral resources requires a considerable increase of com-
puter capacities and the development of methods and means of effective
processing of geological and geophysical data. Computer compleses based
on. second and third generation electronic computers existing at the pre-
sent time do not completely meet contemporary requirements, in connection
with which a number of important and necessary algorithms for the-process-
ing of geological and geophysical data often are not realized in practice.
It should be expected that in proportion to the development of work on
area systems of observations and seismic holography the requirements for
the efficiency and operativeness of data processing will { >w still more.
In that respect much interest is aroused by the further impruv-emen* of
digital means of data processing as well as the development of optical and
optico-electronic methods which have considerable possibilities with
respect to the processing and storage of large flows of data.

At the present time in a number of scientific- and production organizations
and VUZ's of the country experience has been ‘accumulated in the development
and use of optical computer systems, experience that confirms the prospects
of development of that direction of automation of the processing of data

of exploration geophysics and geolegy.

The Fi;st’é}laUnign seminar on the qpticq-electronié processing of geologi-
cal and geophysical data, held in 1978 in Tomsk, summed up definite results
of investigations in that area,

The present collection contains reports read at the seminar that were
devoted to questions in the development and investigation of optical com-
puting devices and hybrid optico-electronic data processing systems. Some
methodical and technological methods of processing, directed toward im-
provement of the methods and means of processing geological and geophysical
materials, are examined,

The publication of the:collection, in our view, will undoubtedly have a_
positive influence on the further conducting of investigations and will
permit acquainting specialists with the results achieved in this area,
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It is proposed to continue in the future the discussion of optico-elec-
tronic methods and means of processing geological and geophysical data and
to issue subsequent collections of articles,

Professor S. B. Gurevich and candidates
of technical sclences V, P, Iwanchenkov
and O, A, Potapov
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